The intriguing properties, especially Dirac physics in graphene, have inspired the pursuit of two-dimensional materials in honeycomb structure. Here we achieved a monolayer transition metal monochalcogenide AgTe on Ag(111) by tellurization of the substrate. High-resolution scanning tunneling microscopy, combined with low-energy electron diffraction, angle-resolved photoemission spectroscopy, and density functional theory calculations, demonstrates the planar honeycomb structure of AgTe. The first principle calculations further reveal that, protected by the in-plane mirror reflection symmetry, two Dirac node-line Fermions exist in the electronic structures of free-standing AgTe when spin-orbit coupling (SOC) is ignored. While in fact the SOC leads to the gap opening, and resulting in the emergence of the topologically nontrivial quantum spin Hall edge state. Importantly, our experiments evidence the chemical stability of the monolayer AgTe in ambient conditions. It is possible to study AgTe by more ex-situ measurements and even to apply it in novel electronic devices.
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The discovery of graphene and its intriguing properties have inspired the pursuit of two-dimensional (2D) materials in honeycomb structure. [1] [2] [3] [4] It has been proposed that electrons hopping in a honeycomb structure can realize quantum anomalous Hall e ect. 5 Various 2D Xenes composed of monoelemental atoms (IVA and VA families in the periodic table) arranged in a honeycomb structure were predicted theoretically or investigated experimentally to be quantum spin Hall materials protected by time reversal symmetry, such as silicene, germanene, stanine, antimonene, and bismuthene. [6] [7] [8] [9] [10] [11] [12] In addition to monoelemental 2D honeycomb materials, some 2D compounds with honeycomb-like structure possess exotic electronic structures. 8, [13] [14] [15] [16] For example, bilayers of perovskite-type transition-metal oxides grown along the [111] crystallographic axis exhibit buckled honeycomb structure, and have been predicted to show topologically nontrivial properties. 17, 18 As a large family of 2D compound materials, the layered transition metal chalcogenides (TMCs) exhibit emergent complex properties, such as enhanced optoelectronic properties, topological properties and superconductivity. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Almost all
TMCs that have been explored experimentally are dichalcogenides: the monolayer structure contains a layer of transition metal sandwiched by two layers of chalcogen atoms. 25, 33, 34 It is particularly attractive to explore the TMCs with planar honeycomb structures, since the symmetry, including crystal symmetry and time reversal symmetry, may lead to topologically nontrivial electronic states of the materials, 27, 28, 35, 36 e.g., monolayer CuSe in planar honeycomb structure have been predicted to possess Dirac node-line Fermions (DNLFs) protected by mirror reflection symmetry. 37 Recently, the monolayer CuSe with the honeycomb structure, but buckled, has been realized in experiments. 37, 38 It is still challenging to experimentally obtain TMCs with planar honeycomb structure.
Here by direct tellurization of Ag(111), we successfully synthesized high-quality flat AgTe monolayer in honeycomb structure on Ag(111) substrate, which is further investigated by scanning tunneling microscopy (STM), low-energy electron diffraction (LEED), angle-resolved photoemission spectroscopy (ARPES) and density Figure S1 for the whole preparation process.) At the Te coverage of ~0.33 ML, all the Ag(111) terraces are covered by the ordered phase, and a typical large-scale STM image is shown in Figure 1a . The height difference between the nearest terraces is 0.24 nm, corresponding to the intrinsic height of a single Ag (111) step, indicating the epitaxial ordered phase on Ag terraces is a single atomic layer.
LEED measurements show that in addition to the diffractive patterns of Ag (111) substrate, the ordered phase has extra 3× 3 spots along the 112 directions were deposited on the substrate, we naturally suggest another 1/3 ML atoms are Ag.
Therefore, Te and Ag atoms form the honeycomb structure in a 1:1 ratio, i.e., AgTe compound.
The epitaxial AgTe on Ag(111) were further studied by XPS. From the preparation chamber to XPS chamber, the sample is exposed to atmosphere. We have verified by STM experiments that a moderate annealing in ultra-high vacuum (UHV) conditions at 500 K for 8 min will remove all the adsorbates on AgTe surface, and the atomic structure of AgTe are not affected (discussed below). Figure 1e and 1f show the 3d core level of Te and Ag in monolayer AgTe on Ag(111) that has been transferred to XPS chamber and further annealed at 500 K for 10 min in UHV conditions. Obviously, compared to elemental Te whose 3d 3/2 peak is located at the binding energy (BE) of 583.3 eV, the Te 3d 3/2 peak in AgTe is shifted to 582.8 eV,
indicating Ag-Te bonds are formed in the AgTe sample. However, the BE of Ag 3d 3/2 and 3d 5/2 peaks are identical to elemental Ag, locating at 374.3 eV and 368.3 eV, respectively. This is explained by the fact that XPS collects signals from several surface layers. Therefore, the Ag signal detected by XPS is dominated by Ag (111) substrate.
To further elucidate the experimental results above, we carried out the first-principles calculations on AgTe adsorbed on Ag (111) Environmental stability is important for the practical applications of 2D materials in electronic devices, and it is also the prerequisite for a material to be transferred and measured by ex-situ techniques without a coating layer. To study the stability of AgTe in ambient conditions, we exposed the epitaxial AgTe to the atmosphere at room temperature for 30 minutes. Then the sample was reloaded into the UHV chamber, and annealed at 500 K for 8 minutes to remove possible adsorbates. Afterwards, it was measured by STM again, and the typical images are shown in Figure 3a and 3b. and to isolate the electronic states of AgTe, we simplify this system to a free-standing monolayer AgTe model. We have verified the free-standing AgTe prefers the planar structure rather than the buckled one by fully relaxing the atoms. Furthermore, the absence of imaginary phonon modes is a significant indication that free-standing AgTe in the planer structure is thermodynamically stable ( Figure S4 ). Figure 4a shows the calculated band structure of the free-standing AgTe without considering Figure 4d ), signaling quantum spin Hall state. 27, 28, 36, 41 The topological invariant ! is calculated to be one ( Figure S8a ), confirming the topologically nontrivial property of the edge states.
For NL2, there is an edge band connecting the bulk bands on two sides of the energy gap and reaches edges of the Brillouin zone (circled by the purple dashed line in Figure 4d ). The calculated topological invariant ! is zero, similar to the case in compressed black phosphorus. 42 Although this edge state is topologically trivial, it can be stable in impurity-free system.
8
On the other hand, the buckling of AgTe plane can also break the mirror reflection symmetry M xy , and induce energy gaps, as shown in Figure S6 . Moreover, we found one of the two Dirac cones along the Γ-M direction keeps gapless, because of the protection of mirror reflection symmetry M yz (discussed in Supporting Information). This result further confirms the mirror-symmetry-protected properties of these two DNLFs.
Due to the relatively strong interaction between AgTe and Ag(111) substrate in the out-of-plane direction, band that is contributed by ! orbitals of Te atoms disappears in real system (Figure 2d and 2e) . Therefore, the topological edge states disappear under the influence of Ag (111) 13
Methods:
The sample preparation and STM investigations were conducted in an ultrahigh-vacuum molecular beam epitaxy (MBE)-STM joint system (Unisoku) with a base pressure better than 1.0×10 !!" mbar. The Ag (111) substrate was cleaned by cycles of Ar + sputtering and annealing, until a clean and uniform surface was obtained.
Te (99.999+%, Alfa Aesar) were evaporated from a Knudsen cell at ~500 K, and deposited on Ag(111) substrate held at room temperature. The deposition rate of Te was kept at ~0.083 ML per minute. The STM results were obtained at 77 K and 4.9 K.
The XPS measures were performed at an X-ray photoelectron spectrometer of ThermoFisher Scientific ESCALAB 250X. The Al Kα source with the photon energy of 1486.6 eV was used. The BE was calibrated with respect to the pure bulk Au 4f 7/2 (BE=84.0 eV) and Cu 2p 3/2 (BE=932.7 eV) lines. The BE is referenced to the Fermi level (E f ) calibrated by using pure bulk Ni as E f =0 eV. It should be noted that the LEED, XPS, and ARPES measurements were ex situ. After the exposure to atmosphere during the transfer, the sample was annealed at 500 K for 8 min to 10 min in the LEED/XPS/ARPES UHV chambers. As tested by STM, this procedure could remove all the adsorbates from the sample surface.
The first-principles calculations were performed based on density functional theory as implemented in the Vienna ab initio simulation package. 43, 44 The generalized gradient approximation with Perdew-Burke-Ernzerhof functional was employed to describe exchange-correlation potential. 45 The cutoff energy of plane-wave of 500 eV was set in all the calculations. From the first-principles results, one Ag s orbital, five Ag d orbitals and three Te p orbitals were used to construct the maximally localized Wannier functions. 46 The surface states were obtained by using the iteration Green's function method as implemented in Wanniertools package. 47 
